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In the context of colliding brane worlds I discuss a toy cosmological model, de- 
veloped in collaboration with E. Gravanis, which arguably produces inflation 
and a relaxing to zero cosmological "constant" hierarchically small as compared to 
the supersymmetry breaking (TeV) scale. Supersymmetry breaking is induced by 
compactification of the brane worlds on magnetized tori. The crucial ingredient 
is the non-criticality (non conformality) of string theory on the observable brane 
world induced at the collision, which is thus viewed as a cause for departure from 
equilibrium in this system. The hierarchical smallness of the present-era vacuum 
energy, as compared to the SUSY breaking scale, is thus attributed to relaxation. 



One of the most important unsolved puzzles in Theoretical Particle 
Physics is the issue of the smallness of the Cosmological Constant (or, better 
vacuum energy density) in comparison with other physical scales, for instance, 
the scale at which Supersymmetry is broken in supersymmetric theories. The 
resolution of such puzzles may lie in the way by which supersymmetry is 
broken. In a recent work El, whose contents are reviewed briefly here, we 
presented a (toy model) scenario, according to which colliding branes in su- 
perstring theory may result in a way of breaking supersymmetry on our four- 
dimensional world at a TeV scale, while maintaining a very small vacuum 
energy, decreasing with cosmological time (relaxation). The model consists 
of two five-branes of type IIB string theory, embedded in a ten dimensional 
bulk space time. Two of the longitudinal brane dimensions are assumed com- 
pactified on a small torus, of radius R. In one of the branes, from now on 
called hidden, the torus is magnetized with a constant magnetic field of in- 
tensity H. This amounts to an effective four-dimensional vacuum energy in 
that brane of order: Viiidd = R^H^ > 0. Notice that_such compactifications 
provide alternative ways of breaking supersymmetry □, which we shall make 
use of in the current article. In scenaria with two branes embedded in higher- 
dimensional bulk space times it is natural to assume (from the point of view of 
solutions to bulk field equations) that the two branes have opposite tensions. 
We, therefore, assume that before the collision the visible brane (our world) 
has negative tension V^is = —Vhidd < 0. A negative tension brane is consistent 
with the possibility of accepting supersymmetric theories on it (anti-de-Sitter 
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type). The presence of opposite tension branes implies that the system is not 
stable, but this is O.K. from a cosmological view point. 

For om purposes we assume that the two branes are originally on colli- 
sion course in the bulk, with a relative velocity u 1 for the validity of the 
cr-model perturbation theory, and to allow for the model to have predictive 
power. The collision takes place at a given time moment. This constitutes an 
event, which in our scenario is identified with the initial cosmological singular- 
ity (big bang) on the observable world. We note that similar scenaria exist in 
the so-called ekpyrotic model for the Universe 0. It must be stressed, though, 
that the similarity pertains only to the brane-collision event. In our approach 
the physics is entirely different from the ekpyrotic scenario. The collision 
is viewed as an event resulting in non-criticality (departure from conformal 
invariance) of the underlying string theory, and hence in non- vanishing P func- 
tions at a cr-model level. On the contrary, in the scenario of El the underlying 
four-dimensional_effective theory (obtained after integration of the bulk ex- 
tra dimensions H'cl) is assumed always critical, satisfying classical equations of 
motion, and hence vanishing cr-model (3 functions. This latter property leads 
only to contracting and not expanding four-dimensional Universes according 
to the work of □, which constitutes one of the main criticisms of the ekpyrotic 
universe. On the other hand, in our non-critical description of the collision we 
do not assume classical solutions of the equations of motion, neither specific 
potentials associated with bulk branes, as in a. 

The physics of our colliding worlds model can be summarized as follows: 
During the collision one assumes electric current transfer from the hidden to 
the visible brane, which results in the appearance of a magnetic field on the 
visible brane. We also assume that the entire effect is happening very slowly 
and amounts to a slow flow of energy and current density from the positive 
energy density brane to the one with negative tension. In turn, this results in a 
positive energy component of order H^R^ in the vacuum energy of the visible 
brane world. This energy component, together with contributions from recoil, 
may be assumed to cancel the pre-existing negative tension asymptotically in 
time, leading to a vanishing cosmological constant at t = oo. At the moment 
of the collision the conformal invariance of the cr-model describing (stringy) 
excitations on the obsecvable brane world is spoiled, thereby implying the need 
for Liouville dressing U a. This procedure restores conformal invariance at the 
cost of introducing an extra target space coordinate (the Liouville mode </)), 
which in our model has tinie-like signature. Hence, initially, one faces a two- 
times situation. We argued Id, though, that our observable (cosmological) time 

parametrizes a certain curve, (f) = const. Xq + const.', on the two-times 
plane (^o; 0)i ^-nd hence one is left with one physical time. 
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The appearance of the magnetic field on the visible brane, on the dimen- 
sions X*'^, is described (for times long after the collision) within a a- model 
superstring formalism by the boundary deformation: Vh = /^^ ^s^^r^^ + 
supersymm. partners, where = e^-^° HX"^ , and dr denotes tangential cr- 
model derivative on the world-sheet boundary. This cr-model deformation 
describes open-string excitations attached to the brane world (c.f. fig. 1). 
The presence of the quantity e — > 0^ reflects the adiabatic switching on of 
the magnetic field after the collision. It should be remarked that in our ap- 
proach thej-auantity e is viewed as a world-sheet renormalization-group scale 
parameter U. In addition to the magnetic field deformation, the u-model con- 
tains also boundary deformations describing the 'recoil' of the visible world 
due to the collision: Vroc = /g^ ^6(^o)f^n^^ + supersymm. partners, where 
Yq{Xq) ~ uX^e"^^ , dn denotes normal cr-model derivative on the world-sheet 
boundary, and u is the recoil velocity of the visible brane world. 





Figure 1. A scenario involving two colliding type-II 5-branes which provides inflation and 
a relaxation model for cosmological vacuum energy. 



The presence of the exponential factors in both the magnetic field 
and recoil deformations implies a small but negative world-sheet anoma- 

2 

lous dimension — ^ < 0, and hence the relevance of both operators from 
a renormalization-group point of view. The induced central-charge deficit 
Q^, which quantifies the departure from the conformal point of the pertinent 
cr-model, can be computed by virtue of the Zamolodchikov's c-theorem u: 
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the world-sheet infrared (ultraviolet) cutoff scale. As discussed in detail in Id, 
the correct scaling behaviour of the operators necessitates the identification 
T ^ e"'^ which we assume from now on. The quantity Qq — Q'^{oo) is the 
equilibrium vacuum energy density, which we take to be zero Qq — due to 
the cancellation between the initial vacuum energies of the colliding branes 
assumed in our model. 

The non-conformalpdeformcd cr-model can become conformal as usual 
by LiouviUe dressing Qft ^5(^0, ^4,0) = HX^e^^°+°"*', Ye{XoJ>) = 
uX°e^^ where a e are the LiouviUe anomalous dimensions l3 and 

(j) is the normalized LiouviUe mode, whose zero-mode is related to the 
renormalization-group scale T as: </> = Q{T)T. From the work of it becomes 
clear that the coupling constant H is associated with supersymmetry-breaking 
mass splittings. This has to do with the different way fermions and bosons 
couple to an external jpagnetic field. The mass splittings squared of an open 
string arc in our case u: 

AmL,ng-i?e"'^+^^°S45 (1) 

The so-obtained mass splittings are constant upon the requirement that the 
flow of time X'^ and of LiouviUe mode are correlated in such a way that 

eX° + £0/^2 = constant , (2) 

or at most slowly varying. Notice that deviations from the condition (|[) would 
result in very large negative-mass squares, which are clearly unstable config- 
urations. Hence, the identification (|^) seems to provide a resolution of this 
problem. To ensure the phenomenologicalbj^ reasonable order of magnitude of 
a TeV scale, one must assume very small u H ^ 10^"^" ^ 1 in Planck units. 
Note also that parametrizing the condition (|^) as X'^ — t, (j)o = y/^t, and 
taking into account that, for convergence of ct- model piath integration, it is 
formally necessary to work with Euclidean signature X*^ El, the induced metric 
on the hypersurface (||) in the extended space time acquires a Minkowskian- 
signature Robertson- Walker form: rfs^yp^j.g^j.f = — (d^o)^ -I- {dX°)^ -|- . . . = 
— {dtY -I- . . . . where . . . denote spatial parts. In Id, where we refer the inter- 
ested reader, we have given some arguments on a a dynamical stability of the 
condition (^) in the context of LiouviUe strings. Physically, one may interpret 
this result as implying that a time- varying magnetic field induced by the col- 
lision implies back reaction of strings onto the space time in such a way that 
the mass splittings of the string excitation spectrum, as a result of the field, 
are actually stabilized. 
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We now notice that in our case the dilaton field is <I> = Q(f) — Q^(p ~ 
{H^ + w^), that is, one faces a situation with an asymptotically constant 
dilaton. This is a welcome fact, because otherwise, the space-time would not 
be asymptotically flat, and one could face trouble in appropriately defining 
masses. In the case of a constant dilaton the vacuum energy is determined by 
the central-charge charge deficit Q^, which in our case is: 

A=^{H' + ur (3) 

where (j)Q — t is the world-sheet zero mode of the Liouville field to be identi- 
fied with the target time on the hypersurface of the extended space-time 
resulting after Liouville dressing. 

We next remark that the restoration of the conformal invariancc by the 
Liouville mode results in the following equations for the cr-model background 
fields/couplings near a fixed-point of the world-sheet renormalization group 
(large-times cosmology) we restrict ourselves here (g')" -I- — —P''{g), 

where the prime denotes derivative with respect to the Liouville zero mode 
(j)o, and the sign on the right-hand-side is appropriate for supercritical strings 
we are dealing with here. These equations replace the equilibrium equations 
= of critical string theory, and should be used in our colliding brane 
scenario to determine the evolution of the scale factor of the four-dimensional 
Robertson- Walker Universe. A preliminary analysis has been performed ina, 
where we refer the reader for details. 

Below we only describe briefly the main results. In our non-critical string 
scenario, one does indeed xibtain an expanding Universe, in contrast to stan- 
dard ekpyrotic scenaria based on critical strings and specific solutions to 
classical equations of motion. One of the most important features of the ex- 
istence of a non-equilibrium phase of string theory due to the collision is the 
possibility for an inflationary phase. Although the physics near the collision 
is strongly coupled, and the cr-model perturbation theory is not reliable, nev- 
ertheless one can give compelling physical arguments favoring the existence of 
an early phase of the brane world where the four-dimensional Universe scale 
factor undergoes exponential growth (infiation). This can be understood as 
follows: in our model we encounter two type-II string theory branes collid- 
ing, and then bouncing back. From a stringy point of view the collision and 
bounce will be described by a phase where open strings stretch between the 
two branes worlds (which can be thought of as lying a few string scales apart 
during the collision, c.f. fig. 1). During that early phase the excitation en- 
ergy of the brane worlds can be easily computed by the same methods as 
those used to study scattering of type II D-branes in 0. In type II strings 
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the exchange of pairs of open strings is described by annulus world-sheet di- 
agrams, which in turn results in the appearance of "spin structure factors" 
in the scattering amplitude. The latter are expressed in terms of appropriate 
sums over Jacobi G functions. Due to special properties of these functions, 
the spin structures start of at quartic order in u u. The resulting excitation 
energy is therefore of order O(m^) and may be thought off as an initial value 
of the central charge deficit of the non-critical string theory describing the 
physics of our brane world after the collision. The deficit is thus cut off 
at a finite value in the (world-sheet) infrared scale (early target times, c.f. 
fig. 1). One may plausibly assume that the central charge deficit remains 
constant for some time, which is the era of inflation. It can be shown El that 
for (finite) constant = Ql = O(u^) the Liouville equations imply a scale 
factor exponentially growing with the Liouville zero mode a((/)o) = e*^*"^"/^. 
Upon the condition (y), then, one obtains an early infiationarv-phase after the 
collision, in contrast to the critical-string based arguments of u. The duration 
of the inflationary phase is iinf ~ ^ 0{u^'^), which yields the conven- 

tional values of inflationary models of order tinfi ^ lO^tpianck for ~ 10~^. 
This concludes our discussion on this toy model. 
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